Auditory saltation is a mislocalization phenomenon in which click trains presented successively at two discrete spatial locations appear to originate from a smoothly varying series of source locations spanning the true source locations. The temporal parameters of this illusion are investigated with click stimuli delivered via headphones with the goal of establishing a portable test of the illusion. A simple rating scale was developed which required human participants to indicate the degree to which the perceived sound locations were heard as continuous ͑evenly distributed across space͒ versus discontinuous. Control conditions were devised to provide a baseline against which to compare the illusion. Auditory saltation is discussed in terms of perceptual grouping.
INTRODUCTION
Sensory saltation is a spatiotemporal illusion in which a stimulus occurring later in time affects the perception of one which occurs earlier. The basic phenomenon is a perceptual mislocalization of a brief stimulus when it is presented in close temporal proximity to a similar stimulus at a different location ͑Geldard, 1982; Geldard and Sherrick, 1986͒ . The original observation involved a train of tactile vibrations in one location, followed by a second train in a different location ͑Geldard and Sherrick, 1972͒. Instead of feeling taps in only two locations, the participant reported feeling a train of taps spread evenly throughout the intervening space between the veridical locations. The degree of spreading was linearly related to the interval between the taps such that with interstimulus intervals ͑ISI͒ less than 20 ms, the first train of taps was felt at the second location. With ISIs greater than 250 ms, no illusion was observed. Since its original discovery the phenomenon has been observed in both the auditory ͑Bremer et al., 1977͒ and visual modalities ͑Geldard, 1976; Lockhead et al., 1980͒ . The present experiment expands on a recent study of auditory saltation ͑Hari, 1995͒. This study is germane to our goals of developing a portable test because it made use of headphones instead of a free-field setup as was done in the past. As outlined below we expanded on this study in three ways. We devised an intuitive response method, included control stimuli against which the illusory trains could be compared, and tested stimuli whose interaural time difference ͑ITD͒ fell within the dynamic range of cortical neurons.
Auditory saltation warrants exploration for several reasons. First, it demonstrates a situation in which our perceptual system does not provide veridical information. Saltation is especially interesting because it represents an interaction between time and space. Second, there is recent evidence that dyslexic adults perceive the illusion over a much longer time span than normals ͑Hari and Kiesilä, 1996͒. If future testing proves this claim to be true, and extends to schoolaged children, there is the possibility of using the strength of the illusion in a diagnostic fashion. Finally, since the illusion is experienced in all three spatial modalities, it can be used to investigate the degree to which spatiotemporal relations are represented in the brain in terms of modality specific maps of time and space, or, alternatively, in multi-modal maps.
Previous research using the auditory modality is sparse. There are several older reports which used free-field click stimuli ͑Bremer et al., 1977; Geldard, 1976; Sherrick, 1974, 1975͒ . These helped to establish the phenomenon and some of the conditions which disrupt it. For example, making the pulses irregular eliminates the illusion ͑Bremer et al., 1977͒. More recently, two studies have used clicks delivered via headphones and found a robust illusion ͑Hari, 1995; Hari and Kiesilä, 1996͒. These authors discovered that the illusion does not arise when clicks are delivered monaurally to the left and right ears alone, but requires the use of binaural click pairs delivered with a sub-millisecond ITD. Each binaural click thus composed is perceived as a single click that is lateralized to the side of the leading element of the pair. In Hari's studies, eight such binaural clicks ͑all with ITD of 800 s͒ were presented per stimulus trial, four with left ear leading followed by four with right ear leading. The participant's task was to assign each of the eight clicks a unique location. At a long inter-click interval ͑ICI͒, participants perceived the first four clicks to the far left, and the next four clicks at the far right. As the ICI between the eight clicks was reduced, participants perceived the second through seventh clicks as originating in the intervening space. At the shortest ICIs, the perceived locations were evenly spaced between the two endpoints. This is a clear observation of the saltation illusion. In a simple control, monaural clicks were presented to the left and right ears with ICIs of 45 ms and 75 ms, and only a very slight tendency to mislocalize was observed at the shorter ICI.
The present experiment was designed to extend the previous study ͑Hari, 1995͒ in three distinct ways. First, a simple rating scale was developed. In order to localize each click in a stimulus train, as Hari's task demanded, the clicks must first be individuated. At short ICIs, the click train is perceived as a single moving entity having a buzzing quality. It is difficult to count the constituent clicks, much less assign a location to each of them. We tested several adolescent children with this method and they reported the task to be very difficult. Whether the ability to individuate the constituent clicks is a functional correlate of the saltation illusion is an empirical question which we address in the discussion. Nevertheless, a response that requires click individuation confounds these two perceptual responses. For this reason, we developed a tool, described in Sec. I, which both simplifies the participant's task, and does not require click individuation in order to quantify the strength of the illusion.
The second extension to the previous work ͑Hari, 1995͒ was the inclusion of two control trains. The first, monaural train, replicated the partial control used by Hari ͑1995͒ but presented these stimuli at all ICIs used for the experimental trains. This functioned as a check of the participants' use of the rating scale, and as discussed below, led to some interesting observations. The second control train was composed of binaural clicks with ITDs that varied systematically from ϩ300 s to Ϫ300 s in uniform steps within the stimulus train of eight clicks. We termed this train the varying interaural time difference train ͑VITD͒. ITD is a strong cue to stimulus location. Single binaural clicks having ITDs of these values are perceived to originate from roughly evenly spaced azimuthal locations ranging from about ϩ45°to Ϫ45°. This stimulus allowed us again to confirm that the rating scale was being used appropriately, and served as a comparison for the illusory displacement generated in the other conditions. While it is true that the changing ITDs in this stimulus were unaccompanied by intensity and spectral changes that would result from a truly displacing click source ͑in free field͒, the ITD cue alone is a strong cue to location and as such provides an adequate comparison.
Finally, we tested two ITDs. The binaural clicks used by Hari ͑1995͒ had an ITD outside the range which most neurons in the auditory cortex encode ͑Phillips and Brugge, 1985; Kelly and Phillips, 1991͒ . That is, the responses of cortical neurons vary with increasing stimulus ITD up to about 500 s. Further increases in stimulus ITD lead to no further changes in the response of these neurons. The perceived location of binaural clicks delivered through headphones becomes increasingly lateralized as ITD increases up to about 500 s, at which point the percept tends to be of clicks originating from the leading ear. Beyond about 500 s, the location remains at the leading ear, until at some ITD the binaural image is no longer fused and two clicks are heard. Within this range, where the click is perceived only from the leading ear, there is simply a perceptual ''suppression'' of the click at the lagging ear. This effect may be an analog to what has been called the ''precedence effect '' ͑Wallach et al., 1949͒. In the present study, we used binaural clicks with an 800-s ITD, following Hari ͑1995͒, and in addition used binaural clicks having an ITD of 300 s, which is well within the range coded by neurons in the auditory cortex. In this way, we wished to confirm that the illusion as experienced with headphones was not dependent on the use of the large 800-s ITDs which might be expected to activate precedence effect mechanisms.
I. METHOD A. Participants
Sixteen naive participants ͑nine males, seven females͒ who reported having normal hearing were recruited from the undergraduate participant pool at Dalhousie University. Each participant was given extra credit in one of the undergraduate courses at the university. One participant ͑assumed noncompliant͒ was excluded from analysis because she gave the same rating ͑discontinuous͒ for all conditions and all ICIs. Three additional participants were analyzed separately as discussed below. This left 12 participants for the main analysis.
B. Apparatus
A Macintosh 8500 computer running Hypercard was used to present the stimuli and collect responses using the mouse. Stimuli were presented over GenEXXA model HP-40 stereo headphones with an impedance of 100 ohms and a frequency response of 20-20 000 Hz. Stimuli were created using SoundEdit 16 version II.
C. Stimuli
Each click was generated from a 1-ms rectangular pulse to the transducer. Stimulus amplitudes ͑A-weighted dB sound pressure levels, i.e., dB re: 20 Pa͒ were measured using a Bruel & Kjaer type 2203 sound level meter equipped with type 4152 artificial ear and a type 4144 condenser microphone. Peak equivalent sound pressures varied with stimulus rate, from around 70 dB for clicks at 250-or 500-ms inter-click intervals, to 83 dB for click trains with 30-ms inter-click intervals.
There were two factors manipulated in this experiment: ICI ͓30, 45, 60, 75, 90, 120, 150, 250 , and 500 ms͔ and stimulus type ͓Monaural, VITD, 800 s, and 300 s͔. Monaural stimuli consisted of four single clicks presented to the left followed by four presented to the right. VITD stimuli consisted of binaural clicks with ITDs which varied from ϩ300 s to Ϫ300 s in eight equal steps. The 800-s and 300-s stimuli consisted of four binaural clicks with the left ear leading followed by four binaural clicks with the right ear leading.
D. Procedure
Participants were first presented with a train of monaural clicks with an ICI of 60 ms. They were asked what they heard. Invariably, they said something akin to ''four clicks on the left followed by four clicks on the right.'' They were then shown the rating scale which had a step function at the top and told that stimuli like this which were heard separately on the left and right should be rated at this end of the scale. Next, participants were presented a VITD train with an ICI of 60 ms. Invariably, participants would report hearing a sound moving smoothly from the left to the right. We then showed them the bottom of the scale which had a smoothly sloped line and said that any series like this which appeared to move continuously from left to right should be rated at this end of the scale. The points inbetween were for stimuli which appeared to move part of the way and then jumped over some distance. Participants found this task easy to do. The participant used the mouse to indicate their response.
The participant then completed a practice block consisting of all 36 train types ͓9 ICIsϫ4 train types͔ presented in random order. The participant could listen to the trains as many times as desired before making a final rating. Both the final rating and the number of times listened were recorded. After completing the practice, the participant was asked if they had any questions or concerns. Finally, the participant was presented with five repetitions of the 36 trains in random order.
II. RESULTS
Mean response data for 12 participants are shown in Fig.  1 . These data were submitted to a two factor repeated measures ANOVA. The two factors were ICI ͓30, 45, 60, 75, 90, 120, 150, 250 , 500 ms͔ and train type ͓monaural, VITD, 300 s, and 800 s͔. Both main effects were significant as was the interaction ͓ICI: F (8, 88) The saltation illusion is reflected in the continuous ratings given to the two binaural train for ICIs less than about 120 ms. These ratings did not differ from the VITD controls indicating that participants perceived the saltation trains ͑300 s and 800 s͒ and the VITD trains similarly. With an ICI of 120 ms, participants reliably rated the 800-s trains as more discontinuous than the VITD control trains ͓t (264) Participants consistently rated the monaural control trains as discontinuous, with only a slight decline at the shortest ICIs. This trend was evident in the following pairwise comparisons made using a protected t-test. Ratings were more continuous for an ICI of 30 ms compared to an ICI of 60 ms ͓t(264)ϭ3.54, pϽ0.01͔. Further, ratings for an ICI of 45 ms were more continuous for an ICI of 75 ms ͓t(264)ϭ2.34, pϽ0.025͔.
The option of multiple observations per sound was given to subjects to be sure that they were confident of their rating. There were no consistent trends in these data across ICI or stimulus type. Subjects opted for more exposures early in the experiment. By the second block ͑i.e., the first block of the experiment͒ few subjects listened to any sound more than twice. The modal number of observations was one. These data were not further analyzed. It should be noted that the illusion does not diminish with experience. From our informal experience, the perception seems to get stronger if anything.
As discussed in Sec. I, three participants were excluded from the main analysis just presented. These participants experienced the saltation illusion across the entire range of ICIs tested ͑i.e., they rated the two saltation trains ͑300 s, and 800 s͒ and the VITD trains identically͒. It is possible, although highly speculative, that these participants belong in the group labeled as dyslexic by Hari and Kiesilä ͑1996͒.
III. DISCUSSION
The main goals of this study were to develop a measure of the auditory saltation illusion which was easy and intuitive, and to replicate previous findings ͑Hari, 1995͒ with further temporal variations. As well, the inclusion of VITD trains and monaural controls at all ICIs allowed an assessment of the relative strength of the illusion. The results clearly showed that the saltation illusion is a robust phenomenon in the auditory modality. Ratings for the 300-s and 800-s stimuli were indistinguishable from those for the VITD stimuli at short ICIs, but diverged for ICIs greater than about 150 ms. Further, the ratings for the 300-s trains were more similar to the VITD stimuli than those for the 800-s trains. This was seen for ICIs of 120 ms and beyond. The monaural trains were consistently rated as coming from two discrete stationary sources.
It is clear that the rating scale we used replicated previous findings ͑Hari, 1995͒ and that those results generalize to click stimuli constructed with ITDs which are within the range coded by neurons in the auditory system. As such, we can be confident that the saltation illusion can be found using headphones. This provides an easy and portable methodology for the assessment of auditory saltation.
In comparing the 300-s and 800-s ITDs we found ratings of slightly greater continuity for the 300-s stimuli across almost the entire range of ICIs. In other words, the saltation illusion was stronger for the 300-s stimuli and extended to longer ICIs ͑120 ms for 300 s, and less than this for 800 s͒. This effect may be a result of the better localization associated with the stimuli within the dynamic range of cortical neurons. In general, these stimuli would be better localized in the sense that they would be discriminable from other stimuli with similar ITDs. The longer ITDs lead to an almost total lateralization of the click, perhaps because of the precedence effect. A better localization could be responsible for the greater continuity ratings given to the short ITD stimuli because the perceptual system would have found it easier to assign relative locations to the illusory clicks in the intervening space. Note that the difference, while small, is consistent. In future work, it seems prudent to use an ITD which is within the dynamic range of neurons in the auditory system.
IV. PERCEPTUAL GROUPING: A POTENTIAL EXPLANATION FOR THE SALTATION ILLUSION
In trying to explain the saltation illusion, we were struck by the percept of the saltation trains. With short ICIs one perceives a blur of clicks as opposed to the eight individual clicks experienced at the longer ICIs. As the Gestalt psychologists noted, the perceptual system strives for the simplest interpretation of the complex stimuli present in the real world. A simple way to account for the mass of clicks perceived at the short ICIs is to group them and assume that a single sound source is moving smoothly through space and emitting these clicks as it moves. When the ICI is long, this interpretation begins to break down because each click can be identified and localized, and thus assigned its own source. As noted by Geldard ͑1982͒ for tactile saltation, as more taps are presented within a fixed time interval, a greater spatial extent can be covered. By squeezing more taps into the same extent, the task of individuation essentially becomes more difficult, and thus, a greater area can be accounted for by the same sound source. At present, this theory is highly speculative and further support needs to be gathered. This is similar to the distinction, in vision, between global and local processing ͑Navon, 1977͒, or the distinction, made by the Gestalt psychologists, between form and material ͑Klein and Barresi, 1985͒. A nice feature of this conjecture is that it accounts for the existence of the illusion in all three modalities.
One interesting observation, which is seemingly inconsistent with this model, is that saltation is not experienced for the monaural control stimuli. This observation may be related to the finding that in touch and vision, the saltation illusion does not cross the midline ͑Geldard, 1982͒. This finding is consistent with the present theory if we consider how these stimuli are represented in the auditory system. For the binaural stimuli, there exists a continuum between positive and negative ITDs which corresponds to the intervening space in which the illusory stimuli are perceived. For the monaural stimuli, there is no possible continuum from a leftonly stimulus to a right-only stimulus. It is conceivable that the perceptual system re-interprets the representation of ITD to accommodate the illusory movement of the sound source. Such modification is not possible with stimulation to only one ear.
V. CONCLUSIONS
The present experiment demonstrated that the saltation illusion can be reliably found in the auditory modality, using headphones and an intuitive response method. This paves the way for testing outside the laboratory setting with younger children. The role of perceptual grouping is proposed as an organizing factor in the illusion.
